Wnts are a family of secreted proteins involved in multiple developmental mechanisms during nervous system development, including cell proliferation, cell migration, axon guidance and specification of cell positional information. We report here the expression of sFRP-1 mRNA, encoding a putative inhibitor of Wnt, in the developing mouse neocortex during the entire period when neurons for the neocortex are born. We show that sFRP-1 mRNA expression is spatially restricted to the proliferative zones during the period, when neurons are known to be generated in large numbers for the enlarging cortical plate. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
Secreted Frizzled-related proteins (sFRPs) are structurally related to the extracellular portion of Frizzled transmembrane proteins, members of which form a class of receptors for the Wnt signalling pathway (Bhanot et al., 1996; He et al., 1997; Yang-Snyder et al., 1996) . sFRPs differ from Frizzled by lacking the seven transmembrane domains but possess the N-terminal cysteine-rich domain (CRD) of Frizzled important for binding to Wnt (Finch et al., 1997; Rattner et al., 1997) . sFRPs are also able to bind to Wnt and in this respect are thought to function as antagonizers of Wnt activity by competing with membrane-bound Frizzled receptors for soluble Wnt ligands (Finch et al., 1997; Leyns et al., 1997; Rattner et al., 1997) .
At least five cloned members (sFRP-1-5) of the gene family have been identified (Chang et al., 1999; Leimeister et al., 1998) . In the forebrain, sFRP-1 is expressed in telencephalic vesicles prior to the commencement of neurogenesis but in the adult, expression is restricted to the choroid plexus lining the lateral ventricles (Leimeister et al., 1998; Rattner et al., 1997) . While sFRP-1 and the human homologue FRP are known to be expressed in fetal brain tissue (Finch et al., 1997; Leimeister et al., 1998) , there is little information concerning its expression pattern during corticogenesis. During the course of a differential gene expression screen, we detected strong and dynamic patterns of sFRP-1 expression in the developing neocortex. Here we report the time-course of sFRP-1 expression during the period when cortical neurons are generated and allocated to their final resting positions.
Results and discussion
We used the serial analysis of gene expression (SAGE) technique to identify differentially expressed genes between developing neocortices at embryonic (E) day 15.5 and postnatal (P) day 1. Each SAGE tag of 14 DNA bases corresponds to an expressed transcript, therefore SAGE has the power to compare relative transcript abundance between different libraries. From a pool of 20,000 SAGE tags in each library, the tag CATGCTTTCCCTGC was differentially expressed in embryonic day 15.5 (E15.5) pool (4 tags) compared to P1 (0 tag). This tag was used to screen the NCBI database and found to match perfectly with a single mouse expressed sequence tag (EST; Genbank ID AI596345) with homology to bovine frizzled-related protein
FrzA and human secreted frizzled-related protein mRNAs. By using EST AI596345 to screen the Celera mouse genome fragments database, it was possible to contig overlapping fragments to a consensus sequence 5 0 of the EST covering 7 kb of the genome. Matching of the fragments to transcript data of full-length cDNA sequences confirmed that EST AI596345 is the 3 0 untranslated region of sFRP-1. The Fig. 2 . Expression of sFRP-1 in the mouse embryonic and postnatal forebrain. Expression of sFRP-1 is localized to the proliferative VZ of the telencephalon, with no expression in the cortical plate or diencephalon. Expression in the VZ is strongest during the early stages of neocorticogenesis when large numbers of neurons are being born at E11.5-E15.5 (A-F). (F) Higher magnification of boxed area in (E) shows abrupt discontinuity (arrow) of sFRP-1 expression in the LGE. During generation of upper layer neurons at E17, fainter signals for sFRP-1 are detectable in the caudal regions of the VZ (H). At P1, neurons in the hippocampus and cingulate cortex begin to express sFRP-1 strongly (K). Vertical lines in (I) depict coronal sections shown in (J, K). At P7, only faint sFRP-1 expression is detected in the ventricular lining and in the limbic cortex (cingulate and hippocampus). Abbreviations: C, cingulate cortex; DG, dentate gyrus; DT, dorsal thalamus; GE, ganglionic eminence; H, hippocampus; NCx, neocortex; LV, lateral ventricle; MGE, medial ganglionic eminence; S, septum; SVZ, subventricular zone. Scale bar: (A), 460 mm; (B-L), 700 mm except (F), 280 mm.
corresponding IMAGE cDNA clone containing the sFRP-1 cDNA fragment (ID391667) was used to prepare probes for Northern blot and in situ hybridization analyses.
Northern blot analysis was performed using total RNA obtained from the embryonic, postnatal and adult neocortex (Fig. 1) . Neurogenesis in the neocortex commences at E11.5 and at this stage, sFRP-1 is expressed. Expression of sFRP-1 in the developing neocortex was maintained as a single transcript throughout the embryonic period of neocorticogenesis. After birth, a weaker but detectable sFRP-1 signal is seen to persist until postnatal day 2 (P2) but by P7 and certainly in the adult, hardly any signal is detectable.
Spatial localization of sFRP-1 mRNA corresponds with the Northern blot data. At E11.5, the first neurons are known to depart for the emerging preplate. At this stage, sFRP-1 is expressed in the ventricular zones (VZ) of both the neocortex and the underlying ganglionic eminence which later gives rise to the basal ganglia ( Fig. 2A) . There is no expression in the dorsal thalamus of the diencephalon, suggesting the sFRP-1 is a telencephalon-associated gene. At E13.5, the cerebral wall is dominated by the proliferative zones lining the lateral ventricles. sFRP-1 is strongly expressed in the VZ of the neocortex, and in the VZ and subventricular zones (SVZs) of the underlying medial (MGE) and lateral ganglionic eminences (LGE) (Fig. 2B,C) . These structures subsequently give rise to the globus pallidus and striatum, respectively. The peak period of neurogenesis in the neocortex occurs at E15.5, when the number of neurons departing for the overlying cortical plate roughly equals the number generated in the VZ (Takahashi et al., 1996) . At this time point, expression of sFRP-1 is maintained in the VZ of the neocortex and medial cingulate cortex (Fig. 2D,E) . In the subpallium, expression appears to be restricted to the LGE with a sharp expression boundary medial to the LGE ( Fig.  2E,F; arrow). In the medial cerebral wall, sFRP-1 expression is seen to extend to the developing hippocampus (Fig.  2E) . At E17.5, sFRP-1 expression in the VZ of both neocortex and GE occupies narrower domains, reflecting the thinning of the proliferative zones as more postmitotic neurons leave these areas (Takahashi et al., 1996) . At this age, only a thin layer of cells in the VZ of the neocortex and GE are stained for sFRP-1 mRNA (Fig. 2G,H) . The thinning of VZ staining is more prominent in caudal (Fig. 2H ) compared to rostral regions (Fig. 2G) .
Postnatal expression of sFRP-1 is concentrated in the VZ and in the hippocampus (Fig. 2I) . Coronal sections through the plane of the septum (indicated in Fig. 2I ) show strong staining in the VZ and in the cingulate cortex (Fig. 2J) . In addition, expression of sFRP-1 in the medial limbic structures including cingulate cortex and hippocampus remains strong (Fig. 2K) . At P7, sFRP-1 expression is restricted to the ventricular lining facing the SVZ (Fig. 2L ). In addition, there is faint staining in the limbic structures such as the cingulate cortex (Fig. 2L ) and the hippocampus (not shown).
Experimental procedures
C57/BL6 mice were used throughout the study. The morning of the vaginal plug was defined as E0.5. For Northern blot analysis, total RNA was isolated from neocortical tissues dissected at various time points using standard protocols. In situ hybridization was carried out on 20 mm sections with antisense probes transcribed with T3 RNA polymerase and the digoxigenin label detected using anti-digoxigenin Fabs coupled to alkaline phosphatase and NBT/BCIP (Roche). Signals were not detected in the sense controls.
